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ABSTRACT
This letter reports on the Galactic stellar structures that appear in the foreground of our Canada-
France-Hawaii-Telecopse/MegaCam survey of the halo of the Andromeda galaxy. We recover the
main sequence and main sequence turn-off of the Triangulum-Andromeda structure recently found by
Majewski and collaborators at a heliocentric distance of ∼ 20 kpc. The survey also reveals another
less populated main sequence at fainter magnitudes that could correspond to a more distant stellar
structure at ∼ 28 kpc. Both main sequences are smoothly distributed over the ∼ 54deg2 covered by
the survey but they show a density increase toward the Galactic plane that does not appear to be due
to contamination from the Galactic disk or stellar halo. The discovery of a stellar structure behind the
Triangulum-Andromeda structure that itself appears behind the low-latitude stream that surrounds
the Galactic disk gives further evidence that the inner halo of the Milky Way is of a spatially clumpy
nature.
Subject headings: Galaxy: evolution — Galaxy: halo — Galaxy: structure — Local Group
1. INTRODUCTION
The stellar halos of galaxies such as our ownMilky Way
are expected to have formed over time by the accretion of
stellar material from satellites falling within its gravita-
tional potential (e.g. Freeman & Bland-Hawthorn 2002
and references therein). The discovery of the disrupting
Sagittarius dwarf galaxy (Ibata, Gilmore & Irwin 1994)
and the stream of stars it leaves in the Galactic halo
(Ibata et al. 2001a, 2002; Majewski et al. 2003) has re-
vealed that such accretions indeed take place at the
present time. Currently, the best evidence for the clumpy
nature of the inner halo of the Milky Way (D ∼< 50 kpc)
is given by the Sloan Digital Sky Survey (SDSS) whose
mapping of the North Galactic Cap by Belokurov et al.
(2006) shows numerous coherent streams or more fuzzy
and diffuse stellar structures believed to be remnants of
past accretions.
Aside from large sky surveys such as the SDSS, the
search for stellar structures surrounding the Milky Way
has also strongly benefited from wide-field mappings
of the Andromeda galaxy (M31) and its neighborhood.
These mainly photometric surveys need to be deep
enough to track M31 red giant branch (RGB) stars and
therefore also contain the brighter and bluer main se-
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quence stars that belong to foreground stellar structures.
Ibata et al. (2003) have used their Isaac Newton Tele-
scope (INT) survey to show that the low latitude stream
(LLS) that surrounds the Milky Way disk is present to-
wards M31. Kinematics of these main sequence stars
also agree with previous detections of this stream, on a
roughly circular orbit around our Galaxy (Martin et al.
2006a). Using ten deeper fields observed within ∼ 10◦
from M31, Majewski et al. (2004) have revealed that
another stellar structure can be seen behind the low-
latitude stream as a fainter main sequence. A compan-
ion paper by Rocha-Pinto et al. (2004) tracks this so-
called Triangulum-Andromeda structure with RGB stars
selected in the 2MASS catalogue. Spectroscopic follow-
up of these stars unveiled a metallicity [Fe/H] ∼ −1.2
and a low velocity dispersion consistent with an accre-
tion origin.
In this paper, we take advantage of our deep and wide
survey of the Southern quadrant of the M31 outer halo
to study these foreground stellar structures. The sur-
vey was observed with the MegaCam wide-field cam-
era mounted on the Canada-France-Hawaii Telescope
and currently represents the deepest wide dataset to-
wards M31. We use it to characterize the Triangulum-
Andromeda (TriAnd) structure and reveal yet another
main sequence fainter than TriAnd and that could corre-
spond to a farther stellar structure. § 2 briefly presents
the dataset while § 3 studies the two main sequences that
appear in the color-magnitude diagram of the MegaCam
data. § 4 concludes this letter.
2. DATA
The extent of the MegaCam survey is delimited
in Figure 1 (double-line polygon) and corresponds to
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Fig. 1.— Extent of the MegaCam survey in the southern quad-
rant of the M31 halo (double line). North is to the top and East to
the left. The dotted line corresponds to a grid in Galactic coordi-
nates. M31 is at the center of the Figure and known M31 satellites
are represented by circles or a dotted circle in the case of M33. The
inner ellipse around M31 approximately corresponds to its Hi disk
with a radius of 27 kpc while the outer ellipse marks a distance of
50 kpc and ellipticity 0.6. The INT survey (Ibata et al. 2003) in
which the TriAnd structure is observed fills the outer ellipse. The
ten fields that Majewski et al. (2004) used to discover the structure
are shown as squares.
60MegaCam fields covering ∼ 54 sq. deg. observed be-
tween 2003-2006. Compared to Martin et al. (2006b),
three fields that lie close to the M33 galaxy are not con-
sidered here. They contain young M33 stars that con-
taminate the blue regions of the color-magnitude dia-
gram where foreground Galactic MS are found. Figure 1
also shows the location of the fields that were used by
Majewski et al. (2004) to discover TriAnd.
Due to length constraints, we refer the reader to
Ibata et al. (2007) for details on the observing and re-
duction of the MegaCam survey.
3. RESULTS
The Hess diagram of the ∼ 1.3×106 stars found in the
MegaCam survey is shown Figure 2. The most obvious
feature is produced by red-giant branch (RGB) stars at
the distance of the Andromeda galaxy at i0 ∼> 21.0 and
(g − i)0 ∼
> 0.5. The broadness of this feature is due to
the numerous structures with different metallicities that
are traced in the halo of M31. These include metal-poor
dwarf galaxies such as And II and III that create the
bluer RGBs and the Ibata et al. (2001) metal-rich giant
stream that is currently disrupting in the M31 halo and
produces the redder RGBs (see Ibata et al. 2007 for more
details on these structures related to the Andromeda
galaxy). Foreground Galactic disk dwarf stars at various
distances along the line of sight create the red feature at
(g− i)0 ∼ 2.0 and populate the CMD in the i0 ∼
< 20.0 re-
gion as these stars evolve along their main sequence. Fi-
nally, the TriAnd main sequence (MS) turn-off clearly ap-
pears in the bluer regions of the CMD and extends from
(g − i, i)0 ∼ (0.3, 19.5) down to (g − i, i)0 ∼ (0.8, 22.5).
This main sequence “forks” at i0 ∼ 21.5 to reveal another
more diffuse main sequence at fainter magnitudes. This
fainter MS has to our knowledge never been detected be-
fore probably due to its faintness (for instance, the INT
survey of the inner halo of M31 in which LLS and TriAnd
Fig. 2.— Hess diagram of the ∼ 1.3 × 106 stars in the
MegaCam survey. The densest features at the bottom of the
diagram and in the (g − i)0 ∼
> 2.0 region correspond to back-
ground M31 and foreground Milky Way disk stars respectively.
The main sequence of the TriAnd structure is clearly visible be-
tween (g − i, i)0 ∼ (0.3, 19.5) and (g − i, i)0 ∼ (0.8, 22.5). Another
fainter and more diffuse main sequence is also visible for i0 ∼
> 21.5
before it merges with the TriAnd MS. On the right panel, the
double line corresponds to the LLS main sequence as detected by
Ibata et al. (2003) and the white lines represent the Girardi et al.
(2004) isochrone of 10Gyr and [Fe/H] ∼ −1.3 shifted to a distance
modulus of 16.5 and 17.25 to adjust the TriAnd and TriAnd2 MS,
respectively.
are detected is not deep enough to show it) and its low
density that prevent detections from deep “pencil-beam”
observations toward M31.
The ridge of the LLS main sequence discovered by
Ibata et al. (2003) in their INT survey has been plotted
in the right panel of Figure 2. No such main sequence
appears in the MegaCam survey but this is not unex-
pected since the density of the LLS MS drops exponen-
tially with Galactic latitude and has almost disappeared
at b ∼ −24◦ in the INT fields which are still North of the
MegaCam survey. The TriAnd MS is ∼ 2magnitudes
fainter than the LLS fiducials but the bluer turn-off of
TriAnd ((g−i)0 ∼ 0.15) compared to LLS ((g−i)0 ∼ 0.4)
probably indicates a difference in age and/or metallicity
between the two structures and therefore precludes a sim-
ple shift of the LLS fiducial to determine the distance
to TriAnd. However, using the spectroscopic metallic-
ity measured for TriAnd RGB stars ([Fe/H] ∼ −1.2;
Rocha-Pinto et al. 2004), one can constrain the age and
distance of the structure from the color and magnitude of
the turn-off. It can be seen on the right panel of Figure 2
that the Girardi et al. (2004) isochrone with a metallic-
ity Z = 0.001 (corresponding to [Fe/H] ∼ −1.3), an age
of 10Gyr and a distance modulus of 16.5 gives a good
agreement with the MegaCam observations. This cor-
responds to a heliocentric distance of ∼ 20 kpc and a
Galactocentric distance of ∼ 25 kpc. Although the turn-
off of the fainter MS is hidden behind the TriAnd MS and
MS turn-off, the same isochrone provides a good fit when
assuming a distance modulus of 17.25. This converts to
heliocentric and Galactocentric distances of ∼ 28 kpc and
∼ 33 kpc respectively. For clarity, we will call this new
feature TriAnd2 hereafter.
Figure 3 shows the evolution of the two MSs as a func-
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Fig. 3.— Evolution of the MSs with Galactic latitude. In each
diagram, the counts have been normalized to a the same area and
the isochrone that fits the blue edge of the TriAnd MS in Figure 2
has been reproduced. The cross in the left panel corresponds to the
location of the MS in the Majewski et al. (2004) fields that overlap
with the MegaCam survey.
tion of the declination strip observed with MegaCam. It
can be seen on Figure 1 that these strips almost exactly
correspond to 1-degree wide strips in Galactic latitude
between b ∼ −25◦ and b ∼ −30◦. The Hess diagrams of
Figure 3 were normalized to the number of fields in each
strip, between 9 for the Northern-most strip and 13 for
the Southern-most one. This difference in the number
of fields propagates into the noise of the diagrams and
the one at b ∼ −29.5◦ appears less noisy than the one
at b ∼ −25.5◦. Nevertheless, the diagrams show no sig-
nificant change in distance with Galactic latitude since
the isochrone always provides a good match to the blue
ridge of the TriAnd MS (the TriAnd2 MS has a lower
density that makes it very difficult to follow in the Hess
diagrams of Figure 3 that only cover ∼ 10deg2). Nei-
ther does a similar analysis along the Galactic longitude
direction unveil any sign of distance gradient. Taken
at face value, this is at variance with the findings of
Majewski et al. (2004), who reported a∼ 0.37magnitude
shift in distance modulus (or ∼ 19% in distance) between
their three Northern-most fields (those that are within
the outer ellipse of Figure 1) and their three Southern-
most fields (the three fields that are within the MegaCam
survey). However their estimate of the blue edge of the
MS in their Southern-most fields is represented by the
white cross in the left panel of Figure 3 and it matches
the MegaCam data well1. It is therefore possible that
the TriAnd structure gets closer in regions to the North
of the survey but this distance gradient does not extend
to the MegaCam survey itself: the structure would then
not be smooth over the sky.
Both main sequences have their density diminish with
Galactic latitude. This is hinted at by the diagrams of
Figure 3 were the MSs seem to have lower densities from
left to right and is confirmed by Figure 4 that traces the
evolution of the density of the two MSs (bottom and cen-
tral panels) in the selection boxes reported on the right
1 To convert magnitudes in the Washington (M, M − T2) sys-
tem to the MegaCam (i, g− i), we first use Majewski et al. (2004)
transformations to the (i′, V − i′) system and then the Ibata et al.
(2007) transformation to the MegaCam magnitudes.
Fig. 4.— Density evolution of the TriAnd2 (bottom panel) and
TriAnd (middle panel) stellar structures as well as the metal-poor
M31 RGB stars (top panel) with Galactic latitude. In all cases
the star-counts correspond to the number of stars in each selection
box within a half MegaCam field (∼ 0.45deg2). A linear slope has
been fitted to the data in the three panels and provides a good fit
to the MW stellar structures but not to the M31 structures. The
density is determined from the selection boxes shown over the Hess
diagram on the right panel with box A selecting TriAnd2 MS stars,
box B TriAnd MS stars and box C M31 metal-poor RGB stars.
panel Hess diagram. The TriAnd selection box (labeled
B) has been purposely cut at a redder limit than the
MS turn-off to avoid the region where the TriAnd2 MS
merges with the TriAnd MS. A selection box (C) has also
been placed on the metal-poor RGB of M31-related stel-
lar structures for comparison since the faint end of the
MSs could be contaminated by these distant M31 stars.
Both MSs show a constant increase in their density
with increasing Galactic latitude2 that is well matched
by a simple linear slope. On the contrary, the metal-poor
M31 RGB stars more closely resemble an exponential
increase with latitude (top panel of Figure 4). More-
over, the density of this population shows a significant
scatter in the Northern region of the MegaCam survey
(b ∼> −27
◦). This is expected since these fields are closer
to M31 and probe M31-related stellar structures whose
density vary from field to field (see Ibata et al. 2007).
The absence of this scatter and the exponential rise in
the TriAnd and TriAnd2 MSs density panels make it un-
likely that selection boxes A and B are contaminated by
M31-related stars. Moreover, the absence of a strong
scatter around the best linear fits shows the smoothness
of the two structures on the sky that do not show any
central concentration in the MegaCam data.
Since there is no field in the MegaCam survey that
does not contain the MS features, there is no easy way
to eliminate the possibility that the increasing density
with latitude observed in Figure 4 is not due to an un-
derlying Galactic population (disk or smooth halo). The
presence of M31 stars to the red of the selection boxes
also prevents a simple estimation of the contaminants
from regions of the Hess diagram surrounding the boxes.
However at brighter magnitudes (21.0 < i0 < 22.0) the
merged MSs stand out clearly in the Hess diagram and
such an estimation can be performed. For each strip of
MegaCam fields that were used to produce Figure 3, a
2 A similar analysis in Galactic longitude shows no trend of the
density of the MSs in this direction.
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third order polynomial is fit at the same time to regions
bluer and redder than the MS to estimate the Galactic
contamination under the MSs. The fit is then subtracted
from the star counts in the merged MS to yield an in-
crease from ∼ 170 to ∼ 270 stars per MegaCam field over
the 5◦ of Galactic latitude covered by the survey. This
increase is higher than the ∼ 30% increase of the com-
bined linear fits of the two MSs in Figure 4 and confirms
that if selection boxes A and B indeed contain contami-
nants, these tend to lower and not steepen the Galactic
latitude density gradient of the two structures. The den-
sity of the two MSs observed in Figure 4 therefore seem
to be real and not linked to Galactic contaminants.
The Besanc¸on model (Robin et al. 2003) can also pro-
vide another verification that these MSs are not related
to smooth Galactic components (in particular the stellar
halo). The linear fits found in the selection boxes for the
simulated region 120◦ < ℓ < 125◦ and −30◦ < b < −25◦
are shown as thin dashed lines in the left panels of Fig-
ure 4 (the counts have also been normalized to half a
MegaCam field to allow a direct comparison). The higher
model star counts in selection box A compared to the
observed star counts could indicate that the stellar halo
component that is used in the model (and that is not well
constrained; see Robin, Reyle´ & Cre´ze´ 2000) is not ade-
quate for the region towardsM31. Nevertheless, these fits
show increases of only a few percents for both MSs and
are different from the slopes fitted to the MegaCam data.
Moreover, no turn-off is observed in the color-magnitude
diagram of the model as stars belonging to the stellar
halo form a straight blue edge at (g − i)0 ∼ 0.2 and
never bend to redder colors as the MSs do in Figure 2.
Interestingly, a comparison of the COSMOS data with
the Besanc¸on model reveals that a “hook-like” feature
very similar to the MSs observed towards M31 is proba-
bly due to a stellar structure that inhabits the Milky Way
halo in this direction (Robin et al. 2007). Therefore, the
TriAnd2 MS does not seem to be linked to a smooth
Galactic components (disk or smooth stellar halo) and
is more likely a stellar structure that inhabits the inner
halo of the Milky Way.
Finally, assuming the MSs are produced by stellar
structures in the Milky Way halo, we can measure the
surface brightness ΣV of the combined MS in the region
of the CMD where the Galactic contamination can be
measured (21.0 < i0 < 22.0). Assuming that all the
stars belong to the closer TriAnd MS, this will give a
bright limit to the TriAnd surface brightness. The mag-
nitude ranges corresponds to 4.7 < MV < 5.8 and rep-
resents 16% of the luminosity of the stellar population
when using the luminosity function from Silvestri et al.
(1998) with an age of 10Gyr, Z = 0.001 and a mass
function as m−2. This mass function gives the lowest
contribution to the upper main sequence for all the lu-
minosity functions they propose and will therefore give a
bright limit to ΣV . This leads to ΣV = 32.5mag/arcsec
2
over the whole MegaCam survey, in reasonable agree-
ment with the bright limits measured in the same way
by Majewski et al. (2004; ΣV = 32.1 or 32.4 depending
on their isochrone assumptions). However, it does not
take into account the merging of the two MSs in the re-
gion of the CMD that was used. For instance, if 25%
of the stars in fact belong to the fainter TriAnd2 main
sequence, the surface brightness of TriAnd would be only
∼ 32.8mag/arcsec2.
4. DISCUSSION
The presence of two Galactic stellar structures in the
MegaCam data at Galactocentric distances of ∼ 25 and
∼ 33 kpc, added to the low-latitude stream observed only
a few degrees away (Ibata et al. 2003) shows the clumpy
nature of the inner halo of the Milky Way in this re-
gion. But since these structures do not show any bound-
ary within the ∼ 54 deg2 covered here, there is no rea-
son that this conclusion should only be applied toward
M31. In fact, each step forward in the depth and/or
coverage of the inner halo reveals hitherto undetected
stellar structures within a few tens of kiloparsecs (e.g.
Belokurov et al. 2006, Robin et al. 2007). This increas-
ingly clumpy nature of the inner halo of the Galaxy is
reminiscent of the inner halo of M31 which also con-
tains many structures on circular orbits out to ∼ 50 kpc
(Ibata et al. 2005).
However, this does not rule out that some of these
stellar structures could be linked together. It has al-
ready been proposed by Majewski et al. (2004) that the
TriAnd structure could be another loop of the low lat-
itude stream, produced by its progenitor spiraling to-
wards the Galactic center. Simulations of the stream by
Pen˜arrubia et al. (2005) or Martin et al. (2005) indeed
show that TriAnd is a natural outcome of such an accre-
tion. Could the new structure found here also be related
to TriAnd? The good fit of the same isochrone to both
main sequences in Figure 2 indicates a similar stellar pop-
ulation. However, the turn-off of this structure is bluer
than that of the low-latitude stream and would argue
against a link with it although it could also indicate that
the putative progenitor of all these structures contained
a stellar population gradient. A definite answer will have
to wait for spectroscopic observations of the new struc-
ture to determine from their radial velocities if they are
on orbits compatible with TriAnd and the low-latitude
stream.
We are grateful to the CFHT staff for performing the
MegaCam observations in queue mode.
Facilities: CFHT (MegaCam).
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